In the present work, the LBM (Lattice-Boltzmann method) is used to simulate natural convection in an inclined open ended square cavity filled with porous material. The cavity is submitted to heating and cooling from two opposite sides with constant temperatures. The double-population approach is used to simulate hydrodynamic and thermal fields. The effect of a porous medium is taken into account by introducing the porosity into the equilibrium distribution function and adding a force term to the evolution equation. The Brinkman-Forchheimer equation, which includes the viscous and inertial terms, is applied to predict the heat transfer and fluid dynamics in the non-Darcy regime. The present model is validated with the previous literature. A comprehensive parametric study of natural convective flows is performed for various values of inclined angle.
Introduction


There is no need to say that LBM (Lattice Boltzmann Method) are in high pace development and have become a powerful method for simulation fluid flow and transport problems for single and multiphase flows [1, 2] . In this work, the method is applied for natural convection in open ended porous cavities.
Natural convection has lots of applications in both nature and engineering, such as the cooling of electronic devices and heat transfer improvement in heat exchanger apparatuses and petroleum reservoirs. Because cavities and slots are benchmark test cases, many researches using LBM [3, 4] . Natural convection in a square cavity and its fluid flow is a classical problem in mechanical engineering. Mohamad et al. [5] presented a detailed analysis of natural convection problem to use LBM; they demonstrated the abilities of the LBM in simulating natural convection. Open cavities are 2-D cavity that has an open side. These kinds of cavities have special [6] . Mohamad et al. [7] presented natural convection in an open ended cavity and slots, they analyzed the effect of aspect ratio of cavity on heat transfer rate. They presented a good procedure for simulating open boundaries in LBM.
Research on natural convection in enclosure packed with a porous medium is motivated by its wide applications in engineering, such as drying processes, chemical catalytic reactors and solar power collectors. Several models have been introduced for natural convection heat transfer in porous media. An excellent and comprehensive review has been given by Nield and Bejan [8] . The buoyancy-driven convection in a porous cavity is analyzed by D. Gao et al. [9] . A. Haghshenas et al. [4] studied numerically the steady natural convection in a square cavity filled with a porous medium via LBM.
Thermal Lattice Boltzmann Method
The thermal Lattice Boltzmann model utilizes two 
And the weighting factors are given by:
It is to be noted that in the above equations,
, and the weights satisfy the relation ∑ 1 .
The Lattice Boltzmann equation with an external force can be written respectively for the fluid flow and temperature distribution as follows:
The f(r,t) and g(r,t) are calculated by solving the Lattice Boltzmann equation. By using BGK model, the general form of Lattice Boltzmann equation with an added force term can be written as:
For the flow field:
where, ∆ denotes lattice time step, is the discrete lattice velocity in direction , F is the total body force in direction of lattice velocity, 
where, is the porosity of the material. 
In LBM Eqs. (3) and (4) are solved in two important steps that are called collision and streaming step. Collision step is as follows for flow field and temperature field respectively [10] :
Streaming step can be written as follows: 
where, F= F +F .
With the Boussinesq approximation the buoyancy force modeled as: F (15) where, /2.
where, , , , , and are gravitational acceleration, thermal expansion coefficient, porosity of the medium, permeability and reference temperature.
Position of the Problem and Boundary Conditions
The studied configuration is sketched in Fig. 2 . It consists of a square cavity of length H with two partially heated walls, located on two opposite walls, and maintained at constant temperatures and ( ), respectively. The cavity is inclined at an angle with respect to the horizontal and filled with porous material; the east side is considered as open ended.
The distribution functions out of the domain are known from the streaming process. The unknown distribution functions are those toward the domain. Fig. 3 shows the unknown distribution function, which needs to be determined, as dotted lines [7] . Flow:
Bounce back boundary condition is used on the solid boundaries (west, north and south boundaries).
At the east open boundary, the following condition is used, , ,
where, n is the lattice on the boundary and n-1, is the lattice inside the cavity adjacent to the boundary.
Temperature:
Bounce back boundary condition (adiabatic) is used on the north and south of the boundaries. Temperature at the west wall is known, Tw = 1.0. Since we are using D2Q9, the unknown are 1, 5 8, which are evaluated as, 
Results and Discussion
In this work the problem of natural convection heat transfer in an inclined open ended cavity packed with porous material is simulated. The cavity has two horizontal insulated walls, a west wall with constant temperature and an open east side. The temperature of west wall is equal to unity that is more than the ambient zero temperature. One point must be noticed that this temperature is dimensionless in Lattice scale. In the present study to simulate natural convection in inclined cavity, the gravity acceleration (g) is rotated counter clockwise. The negative values of rotating angel mean rotation is clockwise. To validate the numerical method, two different cases are tested:
(1) Natural convection in an open-ended cavity without porous medium, and without rotating angel.
(2) Natural convection in an open-ended cavity with porous medium, and without rotating angel.
The results are compared with the findings of Mohamad et al. [7] for case (1) and of A. Haghshenas et al. [4] for case (2) . Tables 1 and 2 summarize the average Nusselt numbers obtained by the present work and compared with the previous literature.
As it can be seen from these tables, in each case, the results are considerably consistent with those in the literature and these comparisons.
Hence, it is concluded that LBM with the suggested boundary condition at the opening of the cavity can produce reliable results.
Figs. 4 and 5 show streamlines and isotherms, respectively, comparison between the present study and that presented by Mohamad et al. [7] for Ra = 10 4 .
The flow enters from the lower half portion of the cavity and leaves from the upper half of the opening. Now, the problem of natural convection heat transfer in an inclined open porous cavity was solved for different angles, when Rayligh number is fixed to (a) Mohamad et al. [7] (b) Present study Table 3 shows that rotation angle has low effect on average Nusselt in the low Rayligh number (Ra = 10 4 ).
Conclusion
In the present work, simulations of flow and temperature fields that arise due to natural convection in an open-ended inclined square cavity filled with a porous medium have been carried out. The double-population approach, the LBM were employed. The influence of rotation angle was considered by adding a force term to the evolution equation. To predict the heat transfer and fluid dynamics in the non-Darcy regime, the Brinkman-Forchheimer equation was applied. The numerical method was validated by two different cases and a good agreement was observed. It was found that, for low Rayleigh numbers, the average Nusselt number is almost independent of rotation angle.
